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Comparing the Efficiency of Sampling Strategies to Establish a Representative in the Phenotypic-based Genetic Diversity
Core Collection of Orchardgrass (Dactylis glomerata L.)
Currently, many germplasm collections are so large as to interfere with achieving the main goals for which the collections have been established, i.e., the collection, maintenance, evaluation and utilisation of the genetic diversity of crop species and their relatives. The large size of collections is the main reason for the poor use of germplasms and the unavailability of information on the traits of economic importance that would enable breeders to choose parents for use in breeding programs (van Hintum et al. 2000; Yan et al. 2007; Upadhyaya et al. 2009 ). To overcome size-related problems Frankel (1984) , Frankel and Brown (1984) and Brown (1989a Brown ( , b, 1995 introduced a core collection. A core collection is defined by these authors as a sample of accessions that represent, with the lowest possible level of redundancy, the genetic diversity (i.e., the richness of gene or genotype categories) of the entire collection (Frankel 1984; Brown 1989a; Brown & Spillane 1999) . This definition also includes the core collection representativeness of genetic diversity maintained in the entire collection. The representativeness of a core collection could be considered its ability to capture most of the genetic diversity in the entire collection with minimal redundancies (van Hintum et al. 2000; Franco et al. 2005 Franco et al. , 2006 . This situation occurs when a core collection reflects its genetic variation with the minimum loss of the original genetic diversity and minimal redundancies. This definition is required from the conservation and plant breeding points-of-view (van Hintum et al. 1999 (van Hintum et al. , 2000 Marita et al. 2000; van Raamsdonk & Wijnker 2000; Malosetti & Abadie 2001; Jansen & van Hintum 2007; Pessoa-Filho et al. 2010) . The published sizes of core collections range from 0.3 to 30% of the entire collection (Li et al. 2002; Franco et al. 2005; Logozzo et al. 2007; Wang et al. 2007; Ghamkhar et al. 2008; Liu et al. 2009) and are typically close to 10% (Brown 1989a, b; Spagnoletti Zeuli & Qualset 1993; Zewdie et al. 2004; Amalraj et al. 2006) , depending on the species, the objective of the core collection, the strategy adopted and, most often, the size of the collection to be sampled (van Hintum et al. 2000) . Establishing core collections requires specifying an appropriate sampling strategy (van Hintum et al. 1999 (van Hintum et al. , 2000 Xu et al. 2006) . Several sampling strategies have been introduced to form a core collection. These strategies include simple random and stratified random and nonrandom sampling (Brown 1989a, b; Charmet & Balfourier 1995; Grenier et al. 2000; Li et al. 2002; Upadhyaya et al. 2003 Upadhyaya et al. , 2007 Upadhyaya et al. , 2009 Xu et al. 2006) as well as more sophisticated sampling methods (Marita et al. 2000; Van Raamsdonk & Wijnker 2000; Chandra et al. 2002; Jansen & van Hintum 2007; Kim et al. 2007) .
This study compares the efficiency of simple random and twenty-two cluster-based stratified random sampling strategies to develop a core collection that is representative of the phenotypic-based genetic diversity. The tested core collections contained 10% of the accessions of the entire collection of the Polish orchardgrass Dactylis glomerata L. germplasm. To evaluate sampling strategies, we used the variation in the genotypic predicted values (Hu et al. 2000; Hartung & Piepho 2005; Wang et al. 2007 ) for 8 quantitative agro-morphological traits in the entire collection. Additionally, the global usefulness of statistical methods for constituting the effective sampling strategies was compared.
MATERIAL AND METHODS
The entire germplasm collection and its phenotypic evaluation. Orchardgrass (Dactylis glomerata L.) is one of the most important cool-season perennial forage grasses and is native to northern Africa, western and central Europe and temperate and tropic Asia. This crop species is adapted to a wide range of environments and is therefore widely cultivated around the world (Casler et al. 2000; Xie et al. 2010) . The Polish germplasm collection of orchardgrass (approximately 4000 accessions) is maintained at the Botanical Garden of Plant Breeding and Acclimatisation Institute in Bydgoszcz, Poland. This germplasm collection includes predominantly wild accessions collected during many expeditions mainly across Poland and entries such as cultivars, landraces and advanced breeding clones originating from Poland and various countries around the world. Therefore, effective methods for constituting a core collection are necessary to improve its functioning, i.e., effective characterising, evaluating, serving and conserving.
In this study, the entire germplasm collection used to establish core collections by the sampling strategies consists of 1971 orchardgrass accessions that originated from 19 countries. Over 88% of the orchardgrass accessions originated from Poland. The accessions chosen for this study are both wild and cultivated, and they cover approximately 50% of the total genetic resources of this crop held at the Botanical Garden of Plant Breeding and Acclimatisation Institute in Bydgoszcz, Poland. The number of accessions was limited by the availability of the data regarding the 8 important agro-morphological traits recorded according to the Forage Grass Descriptors (IBPGR 1985) . The accessions were assessed in the field trials located at the Botanical Garden of Plant Breeding and Acclimatisation Institute in Bydgoszcz, Poland (53.174°N, 18.046°E) between 1978 and 1985 . In successive years, the set of tested accessions changed almost completely, and only a few standard cultivars remained the same.
When considering test years as incomplete blocks, this experimental plan is equivalent to an augmented design offered and used commonly in field incomplete block designs (Federer 1956; Federer et al. 2001; Upadhyaya et al. 2009 ). On a yearly basis, each accession was observed on 10 plants within a 1 m 2 plot for 8 quantitative agro-morphological traits, including the plant height (cm), inflorescence length (cm), leaf length (cm), leaf width (cm), total seasonal yield (kg), 1000 kernel weight (g), number of days since the 1 st of April until the inflorescence emergence and the number of days since the 1 st of April to the inflorescence.
Predicted genotypic values for accessions in the germplasm collection. To predict the genotypic means across years for each trait in the entire collection, a two-step analysis of the data in the two-way (accessions × years) incomplete classification was used. In the first step, predictions of the genotypic effects were obtained using the best linear unbiased predictor (BLUP) in the residual maximum likelihood (REML) approach based on a mixed linear model as follows (Federer et al. 2001; Hartung & Piepho 2005; Piepho & Möhring 2005; Upadhyaya et al. 2007) :
where:
y ij -trait response of the i-th accession in the j-th year m -general mean g i -random genotypic effect of the i-th accession r j -fixed effect of the j-th year e ij -residual random effect that includes both the GE (accession × year) interaction effect and the experimental error
In the second step of the analysis, the genotypic predicted values (Hu et al. 2000; Li et al. 2004; Xu et al. 2006; Wang et al. 2007) were obtained using the following formula:
where: m i -predicted genotypic value (by BLUP) of the i-th accession m -estimate of general mean ĝ i -genotypic effect (obtained using BLUP) of the i-th accession
The genotypic predicted values for all of the assessed accessions for each of the studied traits were employed to calculate the means and squared Euclidean distances among the accessions in the entire collection, their homogenous groups and the established core subsets (Xu et al. 2006) .
Sampling strategies. Twenty-three various sampling strategies were used in this study, including the simple random method and twenty-two cluster-based stratified sampling strategies. Twenty of these strategies are a combination of three statistical methods used commonly to construct the stratified samplings. These combinations comprised two cluster analysis methods, five sample allocation methods and two sampling methods in a group (Li et al. 2002; Xu et al. 2006; Liu et al. 2009 ). The remaining two are direct cluster-based sampling strategies (van Hintum et al. 2000; Zewdie et al. 2004) .
The first step of the cluster-based stratified sampling strategy in developing core collections is stratification (grouping and classification). We used two of the most commonly used methods of hierarchical cluster analysis: the unweighted pairgrouping method with arithmetic means (UPGMA) and Ward's method (Crossa et al. 1995; Malosetti & Abadie 2001; Franco et al. 2005; Reddy et al. 2005; Amalraj et al. 2006) . These methods use the squared Euclidean distance for the important principal components (PCs) obtained from a PCA analysis performed on the standardised genotypic predicted values of the phenotypic traits. The eigenvalue of the PCs was used as a criterion to determine how many PCs should be utilised in the cluster analysis. The PCs with an eigenvalue >1.0 were considered when determining the agromorphological variation in the entire collection (Kaiser 1960) , and these PCs were used for the clustering. These clustering methods involve dividing the entire collection into a reasonable number of homogeneous groups, after which the accessions within each group could be selected. In the clustering methods, the group numbers were determined using the R 2 (i.e., the squared multiple correlation). The dendrogram was cut when the fusion of groups was performed at the R 2 level approaching 0.75 (Upadhyaya et al. 2003; SAS 2004) .
The second step in developing the core collections was the allocation, i.e., determining the number of entries from each cluster (group) included in a core collection. Five allocation methods were used. Two of these methods proposed by Brown (1989a) , based on the group size, are commonly known as the proportional (Pro) and logarithmic (Log) methods. The proportional method allocates n t accessions from the t-th group in proportion to the number of accessions in the group N t and is calculated using the following formula:
where: n -size of a core collection (i.e., accession number, sample size), calculated as the product of the entire collection size and the sample fraction (a core collection fraction) g -number of groups obtained in the cluster analysis
The logarithmic method uses the proportion of the logarithm of the accession numbers in the groups. The number of accessions allocated from the t-th group n t is represented by Commonly in sample allocation, the genetic variation within a group is considered when information on that variation is available (Neyman 1934; Spagnoletti Zeuli & Qualset 1993; Brown 1995; Diwan et al. 1995; Franco et al. 2005) . Diwan et al. (1995) and Franco et al. (2005 Franco et al. ( , 2006 observed that when the genetic variation in the different groups was considered in their sample allocation methods, more representative core collections were generated than in the common allocation methods. Franco et al. (2005) proposed three allocation methods for determining the number of accessions taken from a group based on the mean of the Gower's distance between the accessions within the group. In this study, instead of Gower's distance, the squared Euclidean distance was employed to measure the genetic variation (dissimilarities) among the accessions within the group. The squared Euclidean distances were based on the standardised estimates of the predicted genotypic values of the accessions for the studied traits (Xu et al. 2006) .
The respective allocation methods suggested by Franco et al. (2005) Methods D 2 and D 3 are modifications of Neyman's (1934) method. In the D 2 allocation method, the number of accessions n t from the t-th group is calculated using the formula that includes the size of the t-th group N t as weighted by the mean squared Euclidean distance d t as follows:
The D 3 method allocates the number of accessions per group into the logarithm of the number of accessions in the t-th group N t and is weighted by the mean squared Euclidean distance d t as follows:
The idea of the last three allocation methods is similar to the method proposed by Jansen and van Hintum (2007) . According to methods D 1 , D 2 and D 3 , more diverse groups with more numerous subsets will be selected.
The third and final step of the stratified sample strategies is the selection of the n t number. Two sampling methods were used: random and clus- (Li et al. 2002; Zewdie et al. 2004; Liu et al. 2009 ). The random sampling method was based on a simple random sample of accessions in each group (van Hintum et al. 2000) . The clustered sampling method is a non-random (restrictedrandom) sampling method that involves dividing the accessions in each group into homogeneous subgroups with a cluster analysis, using the same method that provided the groups in the entire collection. The number of subgroups for a group was specified in an allocation method and was equal to the n t number of accessions from this group that were selected to a core. From each subgroup that contained more accessions, only one was randomly selected to a core subset; from each one-entry subgroup, only this accession was selected (van Hintum et al. 2000; Zewdie et al. 2004; Liu et al. 2009 ).
For the two direct cluster-based sampling strategies using the Ward and UPGMA cluster analyses, the accessions in the entire collection were divided into as many homogeneous groups as the size of a core collection, denoted by n. For the simple random sampling strategy, the accession subset of size n was selected from the entire collection using random selection without replacement. A schematic of the twenty-three assessed sampling strategies showing their construction is presented in Figure 1 .
Size of the core collections. Brown (1989a, b) , Spagnoletti Zeuli and Qualset (1993) , Li et al. (2002) , Zewdie et al. (2004) , Reddy et al. (2005) and Yan et al. (2007) suggested that a 10% fraction of the accessions from entire collection would be an acceptable size for the core collections. In this study, each sampling strategy resulted in the core collection containing 197 accessions of orchardgrass.
Efficiency evaluation of sampling strategies by validating the representativeness of the resulted core collections. Ten thousand independent samples (core collections) were obtained by computer simulations from the entire collection of orchardgrass using each of the studied sampling strategies (van Hintum et al. 1995; Chandra et al. 2002; Franco et al. 2005) . These simulations provided reliable results and allowed drawing accurate conclusions regarding the true efficiency of the sampling strategies. The efficiency evaluation of a sampling strategy involved validating the representativeness of the obtained core collection (Hu et al. 2000; Li et al. 2004; Wang et al. 2007; Oliveira et al. 2010) . The representativeness of the original genetic diversity in the core collections was validated using the difference of means and a multivariate variation measure of traits in the core subsets and the entire collection (Li et al. 2004 (Li et al. , 2005 Franco et al. 2005; Kim et al. 2007 ; Figure 1 . A schematic of the sampling strategies used for constructing core collections from the Polish orchardgrass germplasm collection Oliveira et al. 2010) . The respective differences of the mean and variation measured in the simulated core collections and the entire collection can be described using the following two statistical parameters based on the predicted genotypic values of the quantitative traits in accessions: (a) the difference between the means in a core collection and the entire collection, relative to those in the entire collection across all traits (Kim et al. 2007 The use of both statistical parameters (MD% and d -D%) to compare the efficiency of sampling strategies permits the identification of core collections without losing genetic diversity and without too many duplicates. The means of MD% and d -D% parameters were calculated for 10 000 simulated samples using each sampling strategy. A sampling strategy could be considered to be more effective in establishing a representative core subset of genetic diversity in the entire collection if the means of the traits in the cores and the entire collection were maintained at the same level (i.e., the mean MD% of the simulated samples was close to zero) and, simultaneously, when the overall variation in a core subset was greater than that in the entire collection (i.e., the mean d -D% across the results of the simulated samples was greater relative to that obtained for the simple random sampling strategy) (Hu et al. 2000; Li et al. 2004 Li et al. , 2005 Franco et al. 2005; Oliveira et al. 2010) . The explanation for this logic could be the following: the mean MD% for simulated core collections being close to zero indicates that, within a core subset, a minimum loss of the original diversity occurred; however, the mean d -D% across the results of the simulated core subsets being greater relative to that obtained for the simple random sampling strategy indicates that the frequency distribution in a core subset is more similar to a uniform distribution compared to that of the entire collection. Therefore, the implication is that most of the redundancies (duplicates) present in the entire collection were not retained in the core collection.
Computations and software used. The MIXED and CLUSTER procedures of SAS were used to estimate the best linear unbiased predictors (BLUPs) for the random effects of the mixed linear model for the augmented design and to perform the twocluster analysis methods (SAS Institute Inc. 2004) . The simulations of the samples (core collections) from the orchardgrass germplasm collection using the respective sampling strategies were performed using software written in the R programming language (R Development Core Team 2010). The random sampling without replacement was performed using the SELECT procedure of the R software.
RESULTS AND DISCUSSION

Summary of variation in the entire collection
Almost 2000 accessions in the orchardgrass germplasm collection showed substantial genotypic variation for the aboveground biomass yield per unit area and its components, i.e. the total seasonal yield (standard deviation of the predicted genotypic values, SD = 33%), plant height (SD = 24.5%), inflorescence length (SD = 16.7%) and 1000 kernel weight (SD = 14.2%). Two traits of leaf morphology (i.e., leaf length and width) and two phenological traits (i.e., number of days to inflorescence emergence and inflorescence) showed relatively small variation; their standard deviations ranged between 1.2% and 3.6% (Table 1) .
Stratification of accessions in the entire collection
The stratification of the entire collection was performed using the UPGMA and Ward's clustering
methods based on the squared Euclidean distance for four significant principal components (for which the eigenvalues were >1). In both clustering methods, the resulted dendrograms were cut at the R 2 level equal to 0.75. This parameter indicates that the multivariate variation (as measured by the squared Euclidean distance) among the distinguished groups explained about one-thirds of the overall variation among the accessions. This criterion of clustering the whole population for sampling purposes would seem to be very reasonable because it guarantees that groups consist of relatively similar accessions. Stratification is the most effective method in establishing representative samples due to two conditions: the variation within groups is minimised and variation between groups is maximised (Cochran 1977; Diwan et al. 1995) . The UPGMA and Ward's methods enabled the division of the accessions in the entire collection into 10 and 5 groups, respectively.
When using UPGMA method 10 homogenous groups were distinguished including those of a great number of accessions and of few ones. Ward's method facilitated the stratification of the accessions in the entire collection into 5 groups that consisted of similarly numerous entries. The consequences of these stratifications by both clustering methods for efficiency of sampling strategies will be discussed in further stages of the study.
Efficiency evaluation of sampling strategies
Among the sampling strategies, considerable differentiation was identified mainly for the d -D% parameter, which denotes how much greater the variation in a core collection is than that in the entire collection (Table 2 ). The means of the parameter MD% were close to zero for the core collections established by all tested sampling strategies; they ranged from 0% to 1.11% in absolute values. However, means of the d -D% parameter were relatively large and differed, ranging from 16.92% to 27.83%, discriminating substantially between the studied sampling strategies. This result indicates that these sampling strategies permit the establishment of orchardgrass core collections, demonstrating different (better or worse) representativeness of genetic diversity in the entire collection. The means of both parameters, i.e., MD% and d -D%, for simple random sampling were equal to zero and 18.72, respectively (Table 2 ). This result indicates that the mean of the τ-th quantitative trait (τ = 1, 2, …, p) x -Cτ in a core collection is the unbiased estimator of the finite population mean for this trait x -Eτ in the entire collection of the sample means x -Cτ , calculated using a simple random sample of this population. Additionally, it indicates that the mean squared Euclidean distance among accessions in a core collection d -Cτ is a biased estimator of the mean squared Euclidean distance d -Eτ among accessions in the entire collection (finite population) if the sample mean distance d -Cτ is calculated on the basis of results obtained by a simple random sampling. Therefore, those core collections showing means of MD% close to zero and d -D% greater than 18.72 could be considered to be representative of the genetic diversity of the entire collection and the respective sampling strategies would be considered effective. The com- The core collections established using all of the samplings related to the UPGMA cluster analysis were characterised by smaller averages of MD% and d -D% than for those related to Ward's clustering procedure (Table 3) . Additionally, the dispersion of the means of these parameters for the core collections within both groups of sampling strategies involved with each of the clustering methods was comparable (Table 2 ). This result indicates that, on average, both cluster analyses were similarly useful in constructing those sampling strategies In the D 1 allocation method, the size of the sample from each group is proportional to the mean squared Euclidean distance within that group; in the D 2 allocation method, the size of the sample from each group is proportional to the size of the group and group-mean squared Euclidean distance; in the D 3 allocation method, the size of the sample from each group is proportional to the logarithm of the group size and the group-mean squared Euclidean distance; in the logarithmic allocation method, the size of the sample from each group is proportional to the logarithm of the group size; in the proportional allocation method, the size of the sample from each group is proportional to the group size capable of establishing the core collections that are representative of the genetic diversity in the entire collection of orchardgrass. The results of some studies have not shown a superiority of one of these clustering methods (i.e., UPGMA or Ward's) in constructing effective sampling strategies (Hu et al. 2000; Wang et al. 2007 ). However, Xu et al. (2006) found that cotton core collections selected by samplings, including the UPGMA clustering method, showed better representativeness compared with samplings incorporating Ward's clustering method. Franco et al. (2005 Franco et al. ( , 2006 concluded that Ward's cluster analysis method was more useful than the UPGMA method in developing sampling strategies that could effectively produce core collections representative of the genetic diversity of the entire collection. The core collections established by the sampling strategies related to the five allocation methods were characterised by considerably different averages of both MD% and d -D% (Table 3 ). The averages of MD% for the core collections established by the samplings constructed using the D 2 and proportional allocation methods were close to zero. Conversely, the d -D% averages for these samplings were substantially greater compared to those average parameters regarding the three other allocation methods, i.e., Log, D 1 and D 3 . The averages of both parameters for the core collections with respect to the samplings with Log, D 1 and D 3 were very similar. The dispersion of these parameter means for the core collections within the five groups of sampling strategies involved with each allocation method was comparable. This result proves that two allocation methods, i.e., D 2 and proportional, were the most useful (among the studied allocation methods) in constructing the sampling strategies that led to the maximum representativeness of the genetic diversity of the orchardgrass core collections. Franco et al. (2005 Franco et al. ( , 2006 demonstrated that the allocation methods based only on the mean squared Euclidean distance (in the present study, D 1 ) could be considered the most useful in constructing effective sampling strategies among the compared allocation methods. Most researchers recognise that the proportional allocation methods are relatively the most useful in constructing effective sampling strategies to select the core collections that are representative of the genetic diversity (Diwan et al. 1995; van Hintum 2000; Malosetti & Abadie 2001; Oliveira et al. 2010) . The core collections established using the sampling strategies related to both methods of sampling in a group were characterised by similar MD% (less than 0.5%) and different d -D% averages (Table 3). The average d -D% for the core collections established using the samplings constructed with random sampling in a group was greater than that obtained for clustered sampling. However, the mean d -D% values for the core subsets established using the random sampling were greater than those for the cluster-based sampling within the Ward clusters (Table 2) , while the mean d -D% values for the core subsets established using both samplings within the UPGMA clusters were the opposite. Therefore, within the Ward clusters, the random sampling was better for constructing sampling strategies efficient in selecting representative core collections than the cluster-based sampling, but not within the UPGMA clusters. In many studies, the application of random sampling in a group was relatively most useful in constructing effective sampling strategies to establish representative core collections (Malosetti & Abadie 2001; Oliveira et al. 2010) . However, Hu et al. (2000) demonstrated that clustered sampling within a group was more useful in establishing effective sampling strategies than other samplings.
CONCLUSIONS
(1) Combinations of both clustering methods with two allocation methods, i.e., proportional and D 2 , with random sampling in a group were the most effective sampling strategies in establishing a representative core collection of orchardgrass with regards to the phenotypicbased genetic diversity. (2) Both cluster analyses were similarly useful in establishing representative core collections. (3) The proportional and D 2 allocation methods were the most useful in selecting the core collections. (4) Within the Ward clusters, the random sampling was better than the cluster-based sampling, but not within the UPGMA clusters.
